Lysyl hydroxylase 3 (LH3) has lysyl hydroxylase, galactosyltransferase, and glucosyltransferase activities, which are sequentially required for the formation of glucosylgalactosyl hydroxylysines in collagens. Here we demonstrate for the first time that LH3 also modifies the lysine residues in the collagenous domain of adiponectin, which has important roles in glucose and lipid metabolism and inflammation. Hydroxylation and, especially, glycosylation of the lysine residues of adiponectin have been shown to be essential for the formation of the more active high molecular weight adiponectin oligomers and thus for its function. In cells that totally lack LH3 enzyme, the galactosylhydroxylysine residues of adiponectin were not glucosylated to glucosylgalactosylhydroxylysine residues and the formation of high and middle molecular weight adiponectin oligomers was impaired. Circulating adiponectin levels in mutant mice lacking the lysyl hydroxylase activity of LH3 were significantly reduced, which indicates that LH3 is required for complete modification of lysine residues in adiponectin and the loss of some of the glycosylated hydroxylysine residues severely affects the secretion of adiponectin. LH mutant mice with reduced adiponectin level showed a high fat diet-induced increase in glucose, triglyceride, and LDLcholesterol levels, hallmarks of the metabolic syndrome in humans. Our results reveal the first indication that LH3 is an important regulator of adiponectin biosynthesis, secretion and activity and thus might be a potential candidate for therapeutic applications in diseases associated with obesity and insulin resistance. 
Introduction
Lysyl hydroxylase 3 (LH3) is a multifunctional enzyme possessing lysyl hydroxylase (E.C. 1.14.11.4), collagen galactosyltransferase (E.C. 2.4.1.50) and glucosyltransferase (E.C. 2.4.1.66) activities [1, 2] , which catalyzes the formation of specific glucosylgalactosylhydroxylysine (Glc-Gal-Hyl) residues in the Y position of X-Y-Gly triplets of collagens [3] . The modifications of lysine residues in collagens take place in the lumen of the endoplasmic reticulum (ER) [4] . In addition to its ER localization, LH3 resides in the extracellular space of tissues and in serum [5, 6] . The extracellular function of LH3 is still not fully understood, although, the presence of glycosyltransferase activities of LH3 in the extracellular space has been shown to be important for cell growth and viability [7] .
The absence of LH3 in developing homozygous LH3 (LH3 2/2 ) knockout mouse embryos leads to death around E9.5. The secretion of type IV collagen is blocked in these embryos that lack LH3 catalyzed Glc-Gal-Hyl residues, and this disrupts formation of the basement membranes that support tissues e.g. blood vessels [8] . The absence of Glc-Gal-Hyl residues also prevents the oligomerization of type VI collagen, and leads to impaired secretion of type VI collagen tetramers in LH3 2/2 knockout mouse embryonic fibroblasts (MEFs). Overall, the lack of LH3 prevents the formation of hydroxylysine linked Glc-Gal structures in all collagen types studied. [9] .
The inactivation of lysyl hydroxylase activity of LH3 by a Asp669Ala point mutation (LH mutant mice), however, does not disturb embryonic development, although the slight underglycosylation of hydroxylysine residues in type IV and VI collagens causes their abnormal distribution in the extracellular matrix in LH mutant cells. Particularly the underglycosylated type VI collagen forms massive aggregates in tissues of LH mutant mice [9] . In humans, an LH3 protein with reduced lysyl hydroxylase, galactosyltransferase and glucosyltransferase activities is associated with a severe, unique connective tissue disorder [10] . Recently it was shown that even a moderate decrease in the amount of LH3 in human and in heterozygous LH3 knockout (LH3 +/2 ) mice is enough to cause abnormalities in the deposition and organization of the extracellular matrix [11] .
There are many proteins that are not members of the collagen family, but nevertheless have a short collagenous domain in their structure. Glc-Gal-Hyl residues are also present in the collagenous domain of these proteins, but little is known about their biological effects on the structure and function of the proteins. Adiponectin (also known as ACRP30 and AdipoQ), the major insulinsensitizing hormone secreted by adipose tissue, contains a short collagenous domain of 22 X-Y-Gly triplets. Decreased plasma concentrations of adiponectin have been reported to have a causal role in the development of insulin resistance, type 2 diabetes and metabolic syndrome [12] [13] [14] [15] . In obesity, adipokines are generally increased, but adiponectin is down-regulated by an unknown mechanism.
Adiponectin is found in circulation as three oligomers: Low Molecular Weight (LMW, trimer), Middle Molecular Weight (MMW, hexamer) and High Molecular Weight (HMW) [16] . Four conserved Glc-Gal-Hyl residues in the collagenous domain of adiponectin contribute to the insulin-sensitizing activity of the protein [17] and have a significant role in the assembly of oligomers, especially for the formation of HMW adiponectin [18] [19] [20] . Several observations suggest that the HMW is the most active form of adiponectin, and decreased serum levels of the HMW form correlate with metabolic syndrome traits [16, 21] .
Recent studies suggest that the regulation of the posttranslational lysine modifications in the collagenous domain is the key event in determining the function of adiponectin [16] . In this study we investigated the possibility that LH3 is responsible for lysine modifications in adiponectin and whether changes in LH3 activities regulate the oligomerization and functions of adiponectin. Our results indicate that LH3 activities are required for the posttranslational lysine modifications of adiponectin.
Materials and Methods

Ethical statement
All mouse experiments were approved by the National Animal Ethics Committee of Finland (Permit number: ESLH-2007-10387/Ym-23). Blood samples were collected by orbital bleeding under medetomin-ketamin terminal anesthesia.
Mouse and cell lines
The generation of LH3 knockout and LH mutant mouse lines has been described previously [8] . In LH mutant mice the lysyl hydroxylase activity of LH3 is specifically inactivated by a knockin point mutation, Asp669Ala. The mice have been backcrossed to the C57BL/6 strain for 6 to 9 generations and were maintained under 12-hour light and dark cycles with ad libitum access to water and a standard chow diet. For diet studies, four month old LH mutant and wild type female mice weighing on average 22.761.3 g and 22.561.9 g, respectively, were fed a high fat diet (60% kcal from fat, D12492, Research diets) for four months. We chose female mice for the study because it was reported that females have approximately 50-60% of adiponectin in the HMW form in serum, whereas in males only 25-40% is in HMW form [21, 22] .
LH3
2/2 knockout mouse embryonic fibroblasts (MEFs) and LH mutant MEFs were derived as previously described [9] . All cell lines were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen) supplemented with 10% fetal calf serum (Promocell), penicillin/streptomycin, and 50 mg/ml ascorbic acid at 37uC in a humidified atmosphere of 95% air and 5% CO 2 .
Production of recombinant adiponectin and LH3
Mammalian expression vectors pcQF encoding a FLAG tagged mouse adiponectin [17] and pcDNA3 containing human LH3 with a signal peptide and a c-Myc-tag at the amino-terminus [23] were transfected into LH3 2/2 knockout, LH mutant and wild type MEFs using a MEF NucleofectorH Kit and AmaxaH NucleofectorH technology (Lonza). The following day the culture medium was changed to serum free DMEM, penicillin/streptomycin, and 50 mg/ml ascorbic acid, and the cells were cultured for 48 h. The medium was collected and recombinant adiponectin was affinity purified using anti-FLAG M2 affinity gel (Sigma), eluted with 26 SDS loading buffer or with the FLAG peptipe (Sigma) and analyzed on SDS-PAGE and immunoblot, or the medium was concentrated by Amicon Ultra centrifugal filters (10 kDa MWCO, Millipore) and applied to a gel filtration column.
Mass spectrometry analysis
Purified recombinant FLAG tagged mouse adiponectin was fractionated on SDS-PAGE, and the band that corresponded to adiponectin on the Coomassie blue-stained gel was excised. The gel pieces were destained with three 5 min wash cycles using destaining buffer (50 mM ammoniumbicarbonate in 40% (v/v) acetonitrile/water), followed by incubation for 30 min at room temperature with 20 mM DTT in the same buffer, and subsequent addition of iodoacetamide to 40 mM. After incubation for 30 min at room temperature, the gel pieces were washed once with destaining buffer and twice with water, before dehydration with acetonitrile and drying in a speed vac device. The dried gel pieces were rehydrated with trypsin solution (5 ng/ml in 25 mM ammoniumbicarbonate 10/90% (v/v) acetonitrile water) stored on ice for about 30 min and then incubated over night at 37uC. Tryptic peptides were extracted from the gel with 20 ml 30% (v/v) acetonitrile/water by ultrsonication for 10 min. Peptide mass fingerprints were measured on an UltrafleXtreme MALDI Tof mass spectrometer (Bruker Daltonics) in reflector mode. To that end, 0.5 ml, of the peptides solution was spotted on an anchor chip samples stage, dried, and overlaid with a-cyanohydroxicynnamic acid as matrix, following the protocols of the manufacturer. The instrument was tuned for peptide measurements between m/z 700 and 5000, external calibration was achieved with standard peptides including insulin to cover the higher mass range. Protein identification and data analysis was done with the Flex Analysis and Biotools software packages (Bruker Daltonics) using Mascot (Matrix Science) as search engine.
Enzyme-linked immunosorbent assay and gel filtration chromatography
The total adiponectin level was measured using either an inhouse ELISA [24] or commercial ELISA kit (R&D Systems) specific for mouse adiponectin. Leptin level was measured using Mouse leptin ELISA kit (Millipore).
For the analysis of the different oligomers of adiponectin cell culture medium or mouse serum was fractionated by an Ä kta purifier chromatography system using a Superdex 200 10/300 GL gel filtration column and eluted with 150 mM NaCl, 50 mM phosphate buffer, pH 7.2 or with 25 mM Hepes, 150 mM NaCl, 1 mM CaCl 2 , pH 7.4, at a flow rate of 0.5 ml/min. Fractions of 0.215 ml were collected and the concentration of adiponectin was determined by ELISA as above, or by immunoblot analysis. Corresponding gel filtration fractions of separate serum samples were pooled before ELISA analysis.
Immunoblot analysis
In order to analyze the amount of adiponectin, equal volumes of cell culture medium or diluted serum were loaded onto a 15% SDS-PAGE. For the analysis of the molecular weight of adiponectin, 5 ml and 10 ml of diluted (1/300) wild type and LH mutant serum samples, respectively, and equal volumes of cell culture medium were separated near the end of gel. For immunoblot analysis adipose tissue was homogenized with 0.1 M glycine, 0.02 M Tris-HCl pH 7.8, 1% Igepal, or 25 mM Hepes pH 7.5, 5 mM EDTA, 5 mM EGTA, 100 mM NaCl, 10% glycerol, 1% Triton X-100 buffer including Complete EDTA-free protease inhibitor cocktail (Roche), and disrupted by brief sonication. The cell debris was removed by centrifugation. The protein concentrations were measured with Protein assay (BioRad), and equal amounts of soluble protein were loaded onto the gel. The proteins were separated under reducing conditions by SDS-PAGE and transferred to an Immobilon-P transfer membrane (Millipore). For analysis of adiponectin oligomers equal volumes of cell culture medium were separated in non-reducing and non-heat-denaturing conditions [20] . The membranes were blocked with 5% milk powder in Tris buffered saline -Tween 20 and incubated with rabbit anti-adiponectin (Affinity BioReagents) followed by a horseradish peroxidase-conjugated anti-rabbit IgG (P.A.R.I.S. Biotech). Immunocomplexes were visualized using an ECL+ detection system (GE Healthcare) and Kodak XAR films or Molecular imager ChemiDoc XRS+ (Bio-Rad). The mobility of the adiponectin monomer was measured using CorelDraw software and size of the monomer was calculated using molecular weight standard curve. Quantification of adiponectin levels was performed with ImageQuant TL 7.0 (GE Healthcare) or Image Lab software (Bio-Rad).
Measurement of blood parameters
Fasting (6 hours) blood samples were collected from anesthetized mice by orbital bleeding into Micro tubes with Z-gel (Sarsted), and serum was separated by centrifugation after 30 min. Serum total HDL and LDL cholesterol, triglycerides, FFA and lipase were analyzed by the Laboratory services of Oulu University Hospital, Finland. Serum glucose was measured during blood collection using an OneTouchH UltraH2 glucometer and insulin levels with the Insulin (mouse) ELISA kit (Alpco Diagnostics).
Quantitative real-time PCR
For gene expression analysis, RNA was isolated from epididymal adipose, muscle and liver tissue using Trizol reagent combined with a PureLink RNA mini kit (Invitrogen). The cDNA was synthesized from 0.5 mg of isolated total RNA using a Cloned AMV first-strand cDNA synthesis kit (Invitrogen). Quantitative Real-Time (RT) PCR was performed using a TaqManH Universal PCR Master Mix (Applied Biosystems) and an ABI 7500 PCR System (Applied Biosystems). TaqManH gene expression assay Mm00456425_m1 was used to amplify adiponectin. Primers and 59 FAM-labeled probes for carnitine palmitoyltransferase (CPT-1), very long chain acyl-CoA dehydrogenase (VLCAD), acetyl-CoA carboxylase (Acaca) and phosphoenoylpyruvate carboxykinase (PEPCK-C) were designed as described elsewhere [25] . Quantification is based on actual efficiencies that were determined from standard curves run in parallel with the quantification samples.
The results were normalized with GAPDH and b-actin (PreDeveloped TaqManH assay reagents 4333760F and 4352933E, respectively, Applied Biosystems) as endogenous control for each sample. All measurements were performed in triplicate with 10 biological replicates. Expression was analyzed individually from RNA isolated from each of 10 mice for both genotypes. Average expression and confidence intervals were then determined for each genotype from the individual expression data.
Statistics
The normality of the data set was analyzed with a D'AgostinoPearson test and equality of the variances was tested with an F-test after which statistical analyses were performed using the Student's t-test with corresponding parameters.
Results
Multifunctional LH3 is needed for the hydroxylation and glycosylation of lysine residues in adiponectin
Our recent data show that LH3 catalyzes the formation of GlcGal-Hyl residues in collagens [9] . Similar posttranslational lysine modifications are also present in a number of other proteins with a collagenous domain. One of these proteins is adiponectin, in which the hydroxylated and glycosylated lysines contribute to the structure and function of the molecule [17] [18] [19] . In order to study whether LH3 also catalyzes the lysine modifications of adiponectin, our LH3 2/2 knockout, LH mutant and wild type MEF cells were transiently transfected to produce recombinant mouse adiponectin [17] . The LH3 2/2 knockout MEFs totally lack the LH3 protein, while in LH mutant MEFs only the lysyl hydroxylase activity of LH3 has been eliminated by substituting aspartate-669 with alanine [9] . Immunoblot analysis showed that the adiponectin monomers produced in LH3 2/2 knockout ( In order to confirm the immunoblot results tryptic peptide mixtures of recombinant adiponectin produced in LH3 2/2 knockout, LH mutant and wild type MEFs were analyzed by mass spectrometry (Fig. 1B, 1C and S1). The theoretical molecular masses of the tryptic adiponectin peptides of collagenous domain are 1339.664 Da (amino acids 104-115) and 3240.544 Da (amino acids 62-95). The smaller of them can contain one Glc-Gal-Hyl residue on a lysine residue at position 104 causing a theoretical mass shift to 1679.765 Da. The longer peptide can be modified at up to three sites (68, 71, and 80), resulting in a peptide of 4260.845 Da. In addition, the proline at position 94 can be hydroxylated to give a peptide mass of 4276.840 (Fig. 1B) [17] . In our mass spectrometric analyses ( Fig. 1C and S1 ) of recombinant adiponectin produced in wild type MEFs we saw fragments with masses of 4276, 4260 and 1679 Da as expected. In these fragments lysines 68, 71, 80 and 104 were modified to Glc-Gal-Hyl and the peptide with the mass of 4276 presumably contained also hydroxyproline at position 94. In addition, comparison of the experimentally derived mass spectrum with the theoretical one revealed fragments, which cover amino acids 62-95 with masses of 3952 and 3936 Da suggesting that one of the three Glc-Gal-Hyl residues is missing in the peptide. Variation in lysine modifications was further supported by the presence of fragments corresponding to amino acids 62-80, 81-95 and 72-95 of adiponectin, which suggests that lysines 80 and 71 are not always glycosylated. Furthermore, the mass corresponding to an oxidized fragment containing residues 104-125 suggests that hydroxylysine 104 is not always glycosylated. Trypsin cleavage is known to occur at Cterminal peptide bond of arginine, lysine and hydroxylysine but not at Glc-Gal-Hyl residue [26] . However cleavage was not always quantitative since fragment 104-125 contains an internal mis- cleaved arginine, and fragment 62-95 was found with several molecular weights suggesting a missed cleavage at an internal hydroxylysine.
Analysis of adiponectin produced in LH3 2/2 knockout MEFs revealed a set of fragments with unique masses, which were not present in wild type recombinant adiponectin ( Fig. 1C and S1 ). Peptides with masses 1679 Da and 4260 Da were completely disappeared in LH3 2/2 knockout. Mass differences between LH3 2/2 knockout and wild type fragments corresponded to the loss of Glc units in Glc-Gal-Hyl residues in adiponectin produced in LH3 2/2 knockout MEFs. This suggests that LH3 is essential for the glucosylation of Gal-Hyl residues of adiponectin, but galactosylation and hydroxylation can be compensated by other lysyl hydroxylases and galactosyltransferases. Interestingly, the fragment 104-115 was also detected with a mass of 1339 Da indicating that lysine 104 is not always hydroxylated in adiponectin produced in LH3 2/2 knockout MEFs, whereas in wild type adiponectin lysine 104 appeared to be at least hydroxylated.
Adiponectin produced in LH mutant MEFs was mainly trypsinized to fragments with similar masses as found in adiponectin produced in wild type MEFs ( Fig. 1C and S1 ). However, intensity of the major peaks was decreased in LH mutant and the fragment corresponding to amino acids 62-95 with masses of 3596 and 3612 Da suggest that there is more variation in the glycosylation of lysines 68, 71 and 80 than in wild type adiponectin. Furthermore the fragment 104-115 was present with a mass of 1339 Da similarly as in LH3 2/2 knockout produced adiponectin suggesting that LH3 preferentially hydroxylates lysine 104. Our mass analyses confirm adiponectin immunoblot data and clearly indicate that all enzymatic activities of LH3 are needed for the complete hydroxylation and glycosylation of lysine residues in the collagenous domain of adiponectin.
Recombinant adiponectin produced in LH3
2/2 knockout MEF cells does not form HMW and MMW oligomers Hydroxylation and glycosylation of the four conserved lysine residues in the collagenous domain of adiponectin is essential for its secretion and oligomerization into three oligomeric forms: LMW, MMW and HMW [16] . Our ELISA analysis of the distribution of recombinant adiponectin between transfected cells and the culture medium indicated inefficient secretion of adiponectin from the LH3 2/2 knockout MEFs (Table 1) . Wild type MEFs secreted 66% of the adiponectin produced into the medium, whereas LH3 2/2 knockout MEFs secreted only 22%. In order to assess the maturation and secretion of recombinant adiponectin oligomers in the LH3 2/2 knockout MEFs, the oligomer distribution was analyzed in the concentrated cell culture medium by gel filtration chromatography, ELISA and nonreducing and non-heat-denaturing immunoblot. Recombinant adiponectin was secreted from wild type MEFs as three oligomeric forms as expected with the distribution of 14% HMW, 21% MMW and 65% LMW of the total adiponectin ( Fig. 2A) and these three major forms were also seen on immunoblot under nonreducing and non-heat-denaturing conditions (Fig. 2E) . Recombinant adiponectin produced in the LH3 2/2 knockout MEFs totally lacked the larger HMW and MMW forms, and only the trimeric LMW adiponectin was secreted to the cell culture medium (Fig. 2B  and 2E ). In addition, the LMW form synthesized in LH3 2/2 knockout MEFs eluted later from a gel filtration column and migrated faster on immunoblots than wild type LMW (Fig. 2A, 2B and 2E) suggesting a lower molecular weight and thus less lysine glucosylation as seen in mass spectrometry. Transient double transfection of adiponectin and LH3 to LH3 2/2 knockout MEFs restored the molecular weight of the recombinant adiponectin monomer to correspond to that of the adiponectin produced in wild type MEFs (not shown). In addition, the expression of adiponectin together with LH3 normalized the elution profile and oligomerization pattern in LH3 2/2 knockout MEFs ( Fig. 2C and  2E ) to that seen in the wild type MEFs ( Fig. 2A and 2E ). Recombinant adiponectin produced in the LH mutant MEFs assembled to all adiponectin oligomers seen in wild type (Fig. 2D  and 2E ) and no obvious changes in elution and migration were detected. Our in vitro data clearly confirm the role of LH3 in the biosynthesis of adiponectin as a lysine modifying enzyme and thus reveals its importance for the secretion of high molecular weight oligomers into the extracellular space.
Changes in the lysyl hydroxylase activity of LH3 affect the adiponectin level and modifications in mouse +/2 mice are externally normal [8] , but have ultrastructural changes in the skin [11] . In cell culture of LH3 +/2 MEFs, a moderate decrease in LH3 activity due to loss of one Plod3 allele affected the organization of the ECM [11] . The LH mutant mice showed defects in basement membranes and in collagen fibril organization due to underglycosylation of type IV and VI collagen [8, 9] .
In order to determine how the changes in the activities of LH3 affect the circulating level of adiponectin, we used ELISA to measure the total adiponectin level in sera of the LH3 +/2 and LH mutant mice. In the 5 months old LH3 +/2 female mice the concentration of adiponectin in serum was comparable with the wild type, whereas in male LH3
+/2 mice a 16% decrease was measured (Fig. 3A) . Comparable adiponectin levels in female LH3 +/2 and wild type serum suggest that the level of LH3 protein produced from one functional allele of the LH3 gene, Plod3, is enough for the catalysis of lysine modifications in adiponectin, even though a slight decrease was detected in LH3 +/2 male mice. In the LH mutant mice more obvious changes were detected in the serum levels of adiponectin. The circulating adiponectin level was significantly reduced both in male (37% and 68% of wild type, at ages 6 months and 10 months respectively) and female (80% and 77% of wild type, at ages 2 and 10 months respectively) LH mutant mice (Fig. 3A) . In males the drop was more dramatic than in females as was seen previously in the LH3 +/2 mice. In general, the adiponectin level was higher in females than in males, which supports earlier reports [27] [28] [29] . The leptin level was analyzed in order to determine whether other adipokines are also affected in LH mutant mice. The leptin level in the sera of LH mutant mice was comparable to wild type in 5 and 10 months old male and 8 months old female mice (Fig. 3B) , which indicates that biosynthesis of adipokines without lysine modifications is not affected in LH mutant mice. The reduction in the adiponectin level in the serum of the LH mutant indicates that the loss of the lysyl hydroxylase activity of LH3 reduces the amount of circulating adiponectin. The immunoblot analyses of serum samples of LH3 +/2 knockout mice showed no obvious changes in the mobility or in the amount of adiponectin in agreement with the ELISA data (not shown). Whereas, in LH mutant mice, a change in the mobility of adiponectin monomers on SDS-PAGE (Fig. 3C ) and a reduction of the total adiponectin level (data not shown) were observed. These data also confirm the ELISA results. Adiponectin from the LH mutant serum migrated faster than the wild type, and the apparent size difference varied from 130 Da to 1400 Da, which corresponds to a loss of one to four Glc-Gal-Hyl residues, calculated using the theoretical molecular mass of 340 Da for GlcGal-Hyl. These results are supported by our mass spectrometry data of adiponectin produced in LH mutant MEFs and clearly indicate that the loss of the lysyl hydroxylase activity of LH3 in LH mutant mice also affects the modification of lysine residues in adiponectin in vivo.
The secretion of adiponectin is disturbed in LH mutant mice
Adiponectin is secreted into the blood stream mainly by adipocytes [30] . The substitution of the four conserved lysine residues in the collagenous domain of adiponectin with arginines has been shown to retard the secretion rate, which suggests that the attachment of glycosyl and hydroxyl groups to lysine residues is important for the secretion of adiponectin [18, 19] . In order to evaluate whether the reduced serum concentration of adiponectin in LH mutant mice is due to disturbed secretion, we analyzed the total adiponectin level in adipose tissue of LH mutant mice. ELISA analysis indicated no significant changes in the adiponectin levels in the adipose tissue of the LH mutant when compared with the wild type (data not shown). In 10 months old LH mutant male mice the reduction was 8% and in females 18%, whereas in 5 month old males no decrease was detected. This corresponds well with the immunoblot analyses where no dramatic changes in the adiponectin level of adipose tissue were seen (Fig. 3D) . These results indicated no profound change in the production of adiponectin in the LH mutant adipose tissues, which was further supported by the unchanged mRNA level of adiponectin in the adipose tissue of LH mutant mice (data not shown). However, the immunoblot analysis of adipose tissue indicated, as in serum, a reduction in the molecular weight of the adiponectin monomer in LH mutant adipose tissue (Fig. 3D) . As expected based on the serum results, no difference in the amount or in the mobility of adiponectin was detected on immunoblots of adiponectin from adipose tissue of LH3 +/2 mice compared with wild type (Fig. 3E ). Our results suggest that without the lysyl hydroxylase activity of LH3 the adiponectin produced is insufficiently modified in the adipose tissue of LH mutant mice and thus is not efficiently secreted into the circulation. Normal leptin levels in LH mutant ) mice. Adiponectin level analyses were done from the serum of the 5 months old male (n = 6 wt, 5 ko +/2 ) and female (n = 6 wt, 6 ko +/2 ) LH3 +/2 mice, and 6 months (n = 6 wt, 5 mut) and 10 months (n = 7 wt, 5 mut) old male, and 2 months (n = 7 wt, 5 mut) and 10 months (n = 9 wt, 7 mut) old female LH mutant mice with ELISA. (B) Total leptin levels were comparable in LH mutant and wild type mice. Leptin analyses were done from the serum of the 5 months (n = 6 wt, 4 mut) and 10 months (n = 4 wt, 3 mut) old male, and 8 months (n = 5 wt, 5 mut) old female LH mutant mice with ELISA. (C) Adiponectin monomers from LH mutant and wild type serum exhibited differences in electrophoretic mobility. In order to evaluate the electrophoretic mobility of adiponectin, different volumes, 5 ml and 10 ml, of diluted (1/300) serum of wild type and LH mutant mice were separated near the end of a 15% SDS-PAGE. (D) The immunoblot analysis of adipose tissue homogenate (41 mg of protein) of wild type and LH mutant male mice did not show differences in the levels of adiponectin monomers, but the electrophoretic mobility of LH mutant adiponectin was clearly increased compared to that of the wild type. (E) In the adipose tissue of LH3 +/2 mice (50 mg of protein loaded on the gel) no shift in the mobility or in the amount of adiponectin monomers was detected. In immunoblots C, D and E two representative wild type, LH mutant and LH3 +/2 samples are shown. The values represent the average 6 SD of the experiments. P values were calculated using unpaired homoscedastic student t-test with two-tailed distribution. * p,0.05, ** p,0.01, *** p,0.001. doi:10.1371/journal.pone.0050045.g003 mice (Fig. 3B) suggest that the reduction of adiponectin is not due to a general defect in secretion. Our in vitro and in vivo results confirm that lysine modifications catalyzed by LH3 are important for the secretion of adiponectin and even a partial loss of lysine modifications disturbs the secretion in vivo.
The distribution of oligomeric forms of adiponectin is altered in LH mutant mice
In order to analyze how the changes in LH3 activities affect the assembly of adiponectin oligomers, the distribution of oligomers in sera of LH3 +/2 and LH mutant mice was analyzed by fractionating adiponectin complexes using gel filtration chromatography. In 5 months old LH3 +/2 male and female mice no significant changes were observed in the oligomer distribution compared with wild type mice (not shown). In LH mutant mice fractionation of the oligomeric adiponectin forms showed a significant increase in the HMW/total adiponectin ratio and a decrease in the MMW/total adiponectin ratio when compared with the wild type ( Fig. 4A and 4B ). However, after correcting for the reduction of total adiponectin in serum seen in Fig. 3A , the calculated HMW level in the LH mutant serum was on average 77%65 of the wild type, and the MMW and LMW levels were on average 36%66 and 48%621 of the wild type, respectively. The reduction of the total adiponectin level in LH mutant mice can also been seen in the elution profile from gel filtration chromatography (Fig. 4B) , where especially the concentration of adiponectin in fractions corresponding to MMW and LMW forms is reduced. Our data suggest that the partial loss of lysine modifications affect the formation of adiponectin oligomers leading to substantially lowered secretion levels of all adiponectin forms when taking into an account of the decreased total adiponectin level.
The metabolic regulation is affected in the LH mutant mice
Adiponectin is an adipokine controlling the glucose and lipid metabolism of the body [16, 31] . In order to determine whether the inactivation of LH activity of LH3 and reduced level and altered oligomer distribution of adiponectin in the LH mutant mice affect the metabolic regulation in vivo, 4 months old female LH mutant and wild type mice were kept for four months on a high fat diet (60% kcal from fat). The high fat diet was used since in adiponectin knockout mouse studies the effect of decreased adiponectin level on glucose and lipid metabolism was dietinducible [32, 33] . After the high fat diet, the average body weight of the LH mutants was significantly higher than that of the wild type mice (Table 2 ). In addition, adiponectin levels were reduced by 40% in the LH mutant mice when compared with the wild type (p 0,034). The HMW amount in LH mutant serum was 85% of the wild type level and the MMW and LMW levels were on average 38% and 63% of the wild type MMW and LMW amount, respectively (data not shown). The distribution of adiponectin oligomers is not affected by the high fat diet when compared with the results of mice on a standard chow. However, LDL, triglyceride and the blood glucose levels were significantly higher in the LH mutant mice when compared with the wild type ( Table 2 ). Moreover, the insulin level was increased by 40% in the LH mutant serum in comparison with the wild type, although the difference was statistically only marginally significant (p 0.063) due to the great variation in values (Table 2) . Interestingly, the male LH mutant mice, when fed the 42% kcal/fat diet, did not show significant metabolic changes compared with the wild type mice, although they did have altered adiponectin levels (Table S1 ). This implies that there might be other, possibly sex-dependent factors that also affect the phenotype of the female and male LH mutant mice fed with high fat diet.
We also investigated whether the high fat diet changes the gene expression of enzymes involved in mitochondrial fatty acid oxidation and gluconeogenic pathway in LH mutant mice. Adiponectin is known to stimulate fatty acid oxidation and suppress hepatic glucose production [34] . When the expression of mitochondrial b-oxidation enzymes in skeletal muscle were compared between wild type and LH mutant mice after the high fat diet, a 5-fold increase was detected in the expression levels of CPT-1, the rate-limiting enzyme of b-oxidation, in LH mutant mice (Fig. 5) . The expression level of another mitochondrial boxidation enzyme, VLCAD, was decreased by 5-fold in LH mutant skeletal muscle (Fig. 5 ), but in liver it was increased by 2-fold. The expression of Acaca, which catalyzes the first step in the fatty acid synthesis pathway, was also increased by 2-fold in the liver of the LH mutant. The expression of one of the key enzymes of gluconeogenesis, PEPCK-C, was dramatically increased by 124-fold in LH mutant liver (Fig. 5) . Our quantitative PCR data together with blood parameters suggest that the metabolic regulation is affected in the LH mutant mice as seen as changes in the lipid and glucose metabolism.
Discussion
We have shown earlier that the loss of multifunctional LH3 has dramatic consequences in collagens due to the lack of Glc-Gal-Hyl structures [8, 9] . In addition to collagens there are a number of other proteins that contain a short collagenous domain in their structure, and many of these proteins have lysine residues in the correct position to be modified. Adiponectin is one of these proteins where the presence and function of hydroxylated and glycosylated lysine residues have been indicated [17] [18] [19] . Before this study it was not known which enzyme catalyzes the formation of these specific lysine modifications in adiponectin.
In this report we show that recombinant adiponectin produced in the total absence of LH3 lacked glucosylation of Glc-Gal-Hyl modifications known to exist in the collagenous domain and which are important for the insulin-sensitizing actions adiponectin. Our mass spectrometry analyses indicated that lysines of adiponectin are modified only to Gal-Hyl residues in the absence of LH3 and indicate that LH3 is the only enzyme capable to further glucosylate Gal-Hyl residues. This is supported by results, which show that the suppression of LH3 decreases the extend of glucosylation of Gal-Hyl residues in type I collagen [35] . Our results suggest that LH1 and LH2, the other two isoforms in lysyl hydroxylase family, can most probably compensate the loss of the lysyl hydroxylase activity of LH3 during the adiponectin biosynthesis at least when no LH3 protein is present in the cells. This also confirms our earlier results showing that lysyl hydroxylase isoforms do not have absolute substrate specificity [36] , and normal levels of LH1 and LH2 cannot fully compensate the LH activity of LH3 [9] . Collagen b(1-O)galactosyltransferases, GLT25D1 and GLT25D2, have been recently reported to catalyze the galactosylation of hydroxylysine residues in type I-V collagens and mannan-binding lectin [37] . Based on our results it seems possible that that GLT25D1 and GLT25D2 or some other galactosyltransferase can also galactosylate hydroxylysine residues of adiponectin. Our results further indicate that especially the Glc units of Glc-Gal-Hyl residues are crucial for formation of HMW and MMW adiponectin and thus affect the secretion of adiponectin. These data emphasize the significance of LH3 and especially its glucosyltransferase activity in biosynthesis of adiponectin.
When adiponectin was produced in the LH mutant cells in which the lysyl hydroxylase activity of LH3 has been inactivated by an Asp669Ala point mutation our analyses indicated more variation in the amount of lysine hydroxylation and glycosylation when compared with the wild type cells. In addition adiponectin analyzed from the serum of LH mutant mice showed the reduction in the molecular weight confirming a partial loss of the Glc-GalHyl residues. These data show that LH activity of LH3 is needed to complete modification of adiponectin lysine residues. Furthermore, the amount of circulating adiponectin was significantly reduced due to the disturbance of the secretion of adiponectin from adipose tissue to blood circulation in the LH mutant serum. As shown elsewhere, when the four conserved lysine residues were mutated to arginines and adiponectin expressed in HEK293 cells, the HMW forms were hardly detectable, whereas substitution of any single lysine residue caused only a slight reduction in the formation of the HMW adiponectin [19] . Our earlier results from collagens show that the lack of lysyl hydroxylase activity of LH3 in LH mutant mice did not affect tetramerization of type VI collagen. However, the tetramers of type VI collagen formed massive aggregates inside cells and in the extracellular matrix of LH mutant mice [9] . The bulky Glc-Gal-Hyl residues are thought to decrease the electrostatic and hydrophobic interactions between collagen fibrils and thereby decrease interfibrillar interactions [38] . Therefore it is possible that the increased HMW/total adiponectin ratio detected in the serum of LH mutant mice might be a consequence of the abnormal aggregation of partially hydroxylated and glycosylated LMW and MMW oligomers.
The decreased total adiponectin and HMW levels in our LH mutant mice suggested possible defects in glucose metabolism and fatty acid oxidation [16, 39, 40] , since decreased serum levels of adiponectin and especially the decrease of the HMW isoform are known to correlate with metabolic syndrome traits [16, 21, 31] . In heterozygous adiponectin knockout mice already a 40-70% reduction in plasma adiponectin was associated with insulin resistance [41] . Significant increases of triglyceride, LDL and glucose levels and weight suggest a development of metabolic syndrome in LH mutant mice fed a high fat diet. The diet-induced changes in our LH mutant mice resemble those seen in total and heterozygous adiponectin knockout mice [14, 32, 41, 42] suggesting that there might be an association between reduced adiponectin level and changes observed. In addition to the blood parameter, the changes in the expression of genes involved in the mitochondrial fatty acid metabolism and gluconeogenesis further suggest that the metabolic regulation is affected due to deficiency of the LH activity of LH3. In addition to adiponectin there are other collagenous adipokines, such as C1q/TNF-related proteins (CTRP1-9) [43] [44] [45] , which might be affected due to impaired lysine modifications and thus influence the development of metabolic phenotype in our LH mutant mice.
Conclusions
In this study we have shown for the first time that LH3 catalyzes the posttranslational lysine modifications of adiponectin and especially the glucosylation activity of LH3 is critical. The total absence of LH3 fully prevented the formation of HMW and MMW oligomers which resulted from the lack of Glc units in GalHyl residues of adiponectin. Our results indicate for the first time that the Glc unit of Glc-Gal-Hyl residue is the most critical modification for the formation of high molecular weight oligomers of adiponectin and even loss of some of the Glc-Gal-Hyl residues is enough to reduce the level of adiponectin in our LH mutant mice. Changes in the glucose, triglyceride and LDL levels in LH mutant mice reflect that the metabolic regulation is affected in these mice. The indication that LH3 regulates the posttranslational lysine modification of adiponectin makes it a potential candidate for the development of future therapeutic treatments for various metabolic and cardiovascular abnormalities associated with obesity and insulin resistance, which are linked to the dysregulation of adiponectin secretion. Figure S1 MALDI TOF mass spectra of tryptic peptide mixtures. The purified recombinant adiponectin produced in wild type, LH3
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